Abstract Over two decades have passed since the original discovery of amyloid precursor protein (APP). While physiological function(s) of APP still remain a matter of debate, consensus exists that the proteolytic processing of this protein represents a critical event in the life of neurons and that abnormalities in this process are instrumental in Alzheimer's disease (AD) pathogenesis. Specific molecular components involved in APP proteolysis have been identified, and their enzymatic activities characterized in great detail. As specific proteolytic fragments of APP are identified and novel physiological effects for these fragments are revealed, more obvious becomes our need to understand the spatial organization of APP proteolysis. Valuable insights on this process have been obtained through the study of non-neuronal cells. However, much less is known about the topology of APP processing in neuronal cells, which are characterized by their remarkably complex cellular architecture and extreme degree of polarization. In this review, we discuss published literature addressing various molecular mechanisms and components involved in the trafficking and subcellular distribution of APP and APP secretases in neurons. These include the relevant machinery involved in their sorting, the identity of membranous organelles in which APP is transported, and the molecular motor-based mechanisms involved in their translocation. We also review experimental evidence specifically addressing the processing of APP at the axonal compartment. Understanding neuron-specific mechanisms of APP processing would help illuminating the physiological roles of APP-derived proteolytic fragments and provide novel insights on AD pathogenesis. Keywords Alzheimer's disease Á Amyloid precursor protein Á Secretases Á Kinesin Á Axonal transport APP processing: the players Over the last decade, our understanding of the proteolytic processing of amyloid precursor protein (APP) has increased steadily as relevant protease activities were identified and their activities characterized in detail. The fast pace of research addressing APP processing was motivated by research indicating that abnormal production and aggregation of amyloidogenic peptides derived from APP proteolysis are instrumental in Alzheimer's disease (AD) pathogenesis (Hardy and Selkoe 2002). However, many questions remain regarding the topology, regulation, and physiological role of APP proteolysis in neuronal cells.
As an introduction to the topics covered in this review, we provide a brief summary of the APP gene family, the secretases participating in APP processing, and the cleavage products derived from APP proteolysis. We then discuss evidence suggesting specific physiological roles for these APP metabolites.
The APP gene family APP belongs to a gene family consisting of three members in humans: APP and the two APP-like proteins, APLP1 and APLP2 [reviewed in (Thinakaran and Koo 2008) ]. All APP family members are type 1 transmembrane proteins, harboring a large amino-terminal extracellular domain that displays a high degree of sequence homology in three well-defined domains, namely the Kunitz protease inhibitor (KPI), E1, and E2 domains. The KPI domain is present in APLP2 and some APP splice variants. The main APP isoform expressed in neurons (APP695), and APLP1, which is only expressed in neurons, lack the KPI domain. The carboxy-terminus of all APP family members is highly conserved, corresponding to a short intracellular domain known to harbor various well-defined motifs that mediate the interaction of APP family members with a diverse repertoire of proteins [reviewed in (Tang 2009)] . Major differences in primary sequence among APP family members are found in the transmembrane and extracellular juxtamembrane domains. Specifically, only APP, but not APLP1 nor APLP2 contain the sequence encoding amyloid-b peptides (Ab), a major component of the characteristic senile plaques found in brains of AD patients.
APP secretases and proteolytic APP products
Several proteases, collectively referred to as secretases, are known to cleave APP at specific sites. Cleavage of APP by various secretases results in the generation and release of heterogeneous proteolytic fragments from various cellular membranes. Some caspases also cleave APP at specific sites within their intracellular domain, but a discussion of these findings goes beyond the scope of this review (Zhang et al. 2011) . A schematic is shown in Fig. 1a ), depicting the proteolytic processing of APP by secretases, as well as the main cleavage fragments derived from this processing.
From several known zinc-dependent proteases, ADAM10 (a disintegrin and metalloprotease) represents the main secretase responsible for cleavage of APP at the a-cleavage site in neurons (Kuhn et al. 2010) . APP cleavage by a-secretase results in the generation of a large amino-terminal soluble fragment (sAPPa) with proposed neuroprotective properties (see below). Because the a-secretase cleavage site is located within the Ab sequence, processing of APP by a-secretases precludes the generation of Ab peptides (Thinakaran and Koo 2008) .
A transmembrane aspartyl protease termed BACE1 (b-site APP-cleaving enzyme 1) cleaves APP at b cleavage sites (b and b 0 ), which represent the amino-terminus of Ab a Schematic depiction of APP cleavage by secretases and the main cleavage fragments derived from APP processing. a-secretases cleave APP at a site within the Ab peptide sequence, thus precluding cleavage by b-secretase and formation of Ab peptides. This cleavage event gives raise to sAPPa, a soluble amino-terminal APP fragment and the C-terminal stub CTF83. BACE1 cleaves APP at the b-secretase site, yielding sAPPb and a C-terminal fragment CTF99. sAPPb can be processed through an unknown mechanism (question mark) to generate a 55 kDa and a 35 kDa peptide termed N-APP. CTF83 and CTF99 stubs derived from a-and b-secretase cleavages can in turn be cleaved intramembranously by c-secretase, and their cleavage invariably results in the release of a peptide fragment comprising the intracellular domain of APP (AICD) to the cytosol. peptides (Vassar et al. 2009 ). BACE1-mediated cleavage of APP results in the release of a soluble amino-terminal fragment termed sAPPb. Under certain physiological conditions, sAPPb has been reported to undergo further cleavage(s) by an unknown mechanism to yield a *55-kDa carboxy-terminal fragment and a *35-kDa aminoterminal fragment, termed N-APP (Nikolaev et al. 2009 ). Carboxy-terminal C83 (aCTF) and C99 (bCTF) stubs are generated after a-and b-secretase processing of APP, respectively. These stubs can be cleaved at various sites within their transmembrane domain by c-secretase, a protein complex composed of four polypeptide subunits: presenilin-1 (PS1) or presenilin-2 (PS2), nicastrin, anterior pharynx-defective-1 (APH-1), and presenilin enhancer-2 (PEN-2) (De Strooper 2003) . Different proteolytic fragments result from c-secretase cleavage of APP, depending on whether APP is first cleaved by a-or b-secretases. Sequential cleavage of APP by a-and c-secretases results in the release of a large soluble fragment termed sAPPa and a much shorter peptide termed p3 of unknown function. On the other hand, sequential cleavage of APP by b-and c-secretase generates Ab peptides, which range from 38 to 49 amino acid residues in length (Takami et al. 2009 ). From all potential Ab peptides generated, Ab40 represent the most abundant species in vivo (Thinakaran and Koo 2008) . The less abundant Ab42 and Ab43 peptide variants show an increased propensity to oligomerize and aggregate, a property that correlates with their toxic effect in various experimental paradigms (Saito et al. 2011; Kim and Hecht 2005) . Consistent with these properties, increased production and aggregation of Ab42 peptides represents a major hallmark of AD (Hardy and Selkoe 2002) .
Regardless of whether APP is first cleaved by a-or bsecretase, c-secretase, cleavage of APP C83 and C99 stubs invariably results in the release of AICD, a short cytoplasmic peptide fragment corresponding to the intracellular domain of APP, for which various functions have been proposed (see below) (Chang and Suh 2010) .
A wide range of functions have been proposed for APP cleavage products. While some APP-derived peptides appear to have toxic properties (i.e., Ab42), others appear to display a neuroprotective and/or trophic role (i.e., sAPPa) (Thinakaran and Koo 2008; Zhang et al. 2011) . The diversity of effects reported for the various APP cleavage fragments indicates that the subcellular distribution, intracellular trafficking, and localization of APP and secretases represent critical factors directly linked to the various pathophysiological roles of this protein.
Functional roles of APP metabolites in neurons
In simple organisms such as C. elegans or D. melanogaster, the expression of the APP orthologues is restricted to neuronal cells, arguing for important, phylogenetically conserved neuronal function(s) of APP. APP has been proposed to regulate various cellular processes including kinase-based signaling mechanisms, calcium regulation, and cell adhesion, among others (Thinakaran and Koo 2008; Zhang et al. 2011) . With regard to cell adhesion, findings of homo-and heterodimerization among APP family members have led to the proposal that full-length versions of these proteins might facilitate close interactions among pre-and post-synapses (see Fig. 1b, inset 2) . Additionally, receptor-like properties and trophic functions have been suggested for APP (Thinakaran and Koo 2008; Zhang et al. 2011) . The diversity of functions reported for APP holoprotein could be explained as the outcome of discrete physiological effects elicited by different APP fragments. Experimental evidence indicates that such fragments can act in an autocrine and/or paracrine fashions. However, our knowledge on the specific neuronal domains where APP fragments are generated is incomplete, and little is known about the cellular location(s) where APP fragments exert their effects in vivo (Fig. 1b) . A brief description of experimental data suggesting discrete functional roles for APP cleavage fragments is provided below.
Compelling evidence exists suggesting that the sAPPa fragment resulting from a-secretase cleavage displays neuroprotective and trophic properties. For example, posttraumatic administration of sAPPa reduced the number of apoptotic neurons in a mouse model of brain injury (Thornton et al. 2006 ). In addition, sAPPa was shown to protect neurons from proteasomal stress-induced apoptosis and to reduce the degeneration of dendrites induced by this form of cellular stress (Copanaki et al. 2010) . Also, delivery of exogenous sAPPa in the brain of mice reportedly enhanced short-and long-term memory in specific experimental paradigms, an effect associated with increased synaptic density and enhanced NMDA receptormediated currents (Meziane et al. 1998) . sAPPa was also reported to interact with the epidermal growth factor (EGF) receptor pathway and induce neuronal proliferation through a mechanisms involving the activation of specific kinase pathways (Caille et al. 2004) . While production of sAPPa has not been demonstrated at the dendritic compartment of neurons, cumulative evidence indicates that presynaptic terminals represent a major site of sAPPa secretion (Nitsch et al. 1992) (Fig. 1b, inset 2 ). This observation suggests that sAPPa might function as a ligand for postsynaptic neurotransmitter receptors and/or yet unidentified cell adhesion or growth factor-like receptors. Consistent with this view, enhanced synaptic activity correlates with increased sAPPa secretion (Hoey et al. 2009; Nitsch et al. 1993) .
Various effects have been reported for sAPPb in the context of neuronal development. For example, sAPPb promoted axonal elongation when added to cultured neurons, but this effect was 10 times lower than that of sAPPa (Chasseigneaux et al. 2011) . However, the significance of this sAPPb effect in vivo is unclear, since sAPPa levels in brain and primary neuronal cultures are reportedly higher than sAPPb levels (Kuhn et al. 2010; Wu et al. 2011) . Also, it was reported that sAPPb, but not sAPPa, could be further processed by an unknown mechanism to release N-APP, a fragment that binds to death receptor 6 (DR6) protein, triggering caspase 6 activation and axonal pruning (Nikolaev et al. 2009 ). It is remarkably that, although only 16 additional amino acids at the carboxy-terminus distinguish sAPPa from sAPPb, different physiological functions have been identified for these soluble APP fragments. This observation suggests structural differences among these APP-derived soluble products that depend upon the exposure and processing of APP to a-and b-secretases.
Ab peptides are widely believed to underlie the pathophysiology of AD, but their normal physiological function remains unclear (Randall et al. 2010 ). Disparate results have been obtained from the use of Ab peptides in various experimental systems [reviewed in (Lahiri and Maloney 2010) ]. For example, experimental evidence exist supporting neuroprotective and physiologic effects of Ab. These include the prevention of metal-induced oxidative damage (Baruch-Suchodolsky and Fischer 2009), the enhancement of hippocampal long-term potentiation and memory (Puzzo et al. 2008) , and the modulation of synaptic activity (Hsieh et al. 2006; Abramov et al. 2009 ). Ab was also found to modulate cholesterol transport and homeostasis (Grimm et al. 2005) . On the other hand, a large body of reports documented toxic effects of Ab peptides including the activation of apoptotic neuronal cell death (Nakagawa et al. 2000) , as well as inhibitory effects on synaptic function (Moreno et al. 2009; Shankar and Walsh 2009) , and axonal transport ). Factors related to specific experimental conditions likely account for the different effects reported, including the concentration of Ab (pmolar to lmolar range), the cell type used, the source and site of Ab action (i.e., intracellular and extracellular Ab), and the aggregation state of Ab (i.e., soluble, oligomeric, or fibrillar) (Busciglio et al. 1992; Lorenzo and Yankner 1994; Pigino et al. 2009 ).
As discussed below, the bulk of Ab peptides deposited in amyloid plaques appears to be derived from a pool of APP that undergoes transport along axons, rather than dendrites, suggesting differential processing of APP at preand postsynaptic release sites (Lazarov et al. 2002; Buxbaum et al. 1998) . While most Ab is secreted, several studies reported a fraction of intraneuronal Ab of unknown origin, which might correlate with pathological, AD-related alterations (Oddo et al. 2006) , including synaptic dysfunction (Tampellini and Gouras 2010) . Interestingly, as observed with extracellular Ab (Busciglio et al. 1995; Heredia et al. 2006) , intracellular Ab has been found to modulate the activity of various protein kinases including ERK (Espana et al. 2010) , GSK3 (Hernandez et al. 2010) and CK2 Moreno et al. 2009 ), among others (Balleza-Tapia and Pena 2009).
The AICD fragment generated after c-secretase cleavage has been proposed to play a role in the regulation of gene transcription, cytoskeletal dynamics, and regulation of kinase-based signaling pathways (Muller et al. 2008) . Surprisingly, a recent study showed that endosomal transport of APP to the perinuclear region is a prerequisite for AICD translocation to the nucleus. As endosomal processing of APP largely depends on BACE1, AICD signaling could be directly linked to BACE1 activity (Goodger et al. 2009 ). Again, these studies highlight the importance of considering both the subcellular localization and the use of neuronal cells for the functional analysis of APP-derived proteolytic products. In fact, the neglect of the importance of subcellular localization and cell types used might explain the current lack of consensus on specific genes regulated by AICD (Muller et al. 2008; Chang and Suh 2010) .
Discrete physiological functions of APP metabolites and their relationship to the complex cellular architecture of neurons Collectively, the information above suggests complex biological relationships among the various fragments derived from APP proteolysis. The release of soluble APP fragments to the extracellular space appears to modulate various aspects of neuronal function (i.e., axonal growth, synaptic activity, gene transcription, etc.) in a paracrine fashion that likely involves interactions with specific molecular components at the neuronal cell surface. These interactions and/or concomitantly produced APP intracellular fragments would in turn activate intracellular signaling pathways that locally regulate various cellular processes including kinase and G protein activation (Balleza-Tapia and Pena 2009; Sola Vigo et al. 2009 ), cytoskeletal dynamics (Busciglio et al. 1995; Heredia et al. 2006) , axonal transport ), and APP proteolysis, thus providing a regulatory feedback mechanism for the localized control of APP processing at specific neuronal compartments. Abnormalities in these mechanisms could explain some of the well-documented pathological features of AD, including abnormal activation of kinases (Balleza-Tapia and Pena 2009), the cytoskeletal alterations (Vickers et al. 2009 ), the axonal transport defects (Morfini et al. 2002) , and the increased secretion/ accumulation of specific APP fragments characteristic of this disease. Supporting this notion, aggregated Ab has been shown to interact with APP, promoting the accumulation of APP at the cell surface (Lorenzo et al. 2000; Heredia et al. 2006; Kedikian et al. 2010) , and enhanced APP expression increases neuronal vulnerability to fibrillar Ab (Sola Vigo et al. 2009 ). Moreover, Ab deposition was shown to alter the metabolic processing of APP, leading to enhanced Ab production (Davis-Salinas et al. 1995; Marsden et al. 2011) . Together, these observations suggest a pathologic feed-forward mechanism that might contribute to Ab plaque formation and neuronal degeneration in AD.
An understanding of mechanisms mediating APP processing at specific neuronal domains, knowledge of their local physiological concentrations, and identification of relevant molecular targets would shed light on the precise pathophysiological functions of APP and its cleavage fragments.
Intracellular trafficking and sorting of APP and secretases
Secretion of sAPPa, sAPPb, Ab, and p3 peptides by cultured cells indicated that APP undergoes trafficking throughout the biosynthetic secretory pathway (Haass et al. 1992 ). Below we provide a brief summary on the sorting and trafficking of APP and secretases, emphasizing known differences in these processes between neuronal and nonneuronal cells.
Trafficking and sorting of APP in non-neuronal cells
To date, most of the data addressing the subcellular localization of APP and secretases have been obtained from experiments based on the use of non-neuronal cells [reviewed in (Thinakaran and Koo 2008; Zhang et al. 2011)] . These data indicate that APP is co-translationally inserted into the endoplasmic reticulum (ER). From the ER, APP traffics to Golgi apparatus, where undergoes various post-translational modifications (Fig. 1a, inset 1) . From the trans-Golgi network (TGN), APP is transported in secretory vesicles to the plasma membrane. At steady state levels, only a small proportion of APP in non-neuronal cells localizes to the plasma membrane [estimated to be below 20% in neurogliomal cells (Kuentzel et al. 1993)] . From the plasma membrane, a fraction of APP is internalized via clathrin-and dynamin-dependent pathways and delivered to endosomes. Once it reaches the endosomal compartment, APP can undergo sorting to the plasma membrane or be targeted to lysosomes for degradation (Thinakaran and Koo 2008) . Recent experimental evidence suggests that a fraction of APP inserted at the plasma membrane can bypass the endosomal compartment, directly undergoing trafficking to lysosomes (Fig. 1b) (Lorenzen et al. 2010) .
Like APP, secretases also undergo trafficking and activation along the biosynthetic secretory pathway. At the Golgi apparatus, the pro-domains of ADAM10 and BACE1 are cleaved by a furin-like proteases, resulting in enzyme activation (Huovila et al. 2005) . Also, the multiple protein subunit components of the c-secretase complex undergo assembly as they traffic throughout the ER and Golgi apparatus, eventually forming an active complex (Takasugi et al. 2003) . Despite their common trafficking route, the activity of each secretase was mapped to different membrane compartments. Active ADAM10 cleaves various substrates including APP, cell adhesion molecules, growth factors, and growth factor receptors at the plasma membrane (Sisodia 1992; Huovila et al. 2005) . In contrast, BACE1 activity has been predominately mapped to the TGN and the endosomal compartment (Koo and Squazzo 1994) , consistent with the optimum pH requirements of this enzyme (Vassar et al. 1999 ). Activity of c-secretase has been mapped to the late Golgi compartment, endosomes, and the plasma membrane [reviewed in ].
Initial efforts aimed to address the targeting of APP at specific plasma membrane domains relied on the use of polarized epithelial cells (e.g., Madin-Darby canine kidney, MDCK cells), which possess functionally distinct apical and basolateral plasma membrane domains (Silverman et al. 2005) . Experiments in these cells revealed that a tyrosine-based sorting signal (BaSS) in the carboxy-terminus of APP selectively targets this protein to the basolateral plasma membrane (Haass et al. 1994 ). ADAM10 (Haass et al. 1994 ) and BACE1 (Capell et al. 2002) were found to undergo sorting to the basolateral and apical membranes, respectively.
The observations above imply that alterations in the intracellular trafficking of APP at different stages of the biosynthetic pathway could influence its exposure to different secretases, thereby directly affect the generation and relative levels of APP-derived proteolytic products. Accordingly, multiple cellular factors and specific molecular components that influence APP trafficking appear to impact the proteolytic processing of this protein [reviewed in (Tang 2009; Lee et al. 2005; Uryu et al. 2007) ].
Unique trafficking and sorting mechanisms of APP in neurons
Neurons display a cellular architecture far more complex than non-neuronal cells, representing the most striking example of cellular polarization. The development and maintenance of such architecture require numerous specializations of the biosynthetic secretory pathway Exp Brain Res (2012) 217:353-364 357 (Pigino et al. 2006) . Accordingly, several lines of evidence suggest neuron-specific features relevant to the subcellular distribution and intracellular trafficking of APP and its secretases. For example, although the bulk of cellular APP is processed by a-secretase in both neuronal and nonneuronal cells ), a much larger fraction of APP is processed by b-secretase and c-secretase in neurons . Higher levels of Ab secretion in neurons as compared to non-neuronal cells confirm this observation and also imply cell-type-specific specializations of APP processing in these cells. Most neuronal cells have a cell body, multiple dendrites, and a single axon. Selective enrichment of specific membrane proteins at each of these domains can be achieved by several known mechanisms, including selective transport of specific membranous cargoes by motor proteins, selective endocytosis, and retention/anchoring mechanisms (Burack et al. 2000) . Given the functional analogies between the apical and basolateral plasma membrane domains of epithelial cells with the axonal and somatodendritic compartments of neurons (Silverman et al. 2005) , it was expected that APP and ADAM10 would have a somatodendritic distribution in neurons. However, many independent studies reported localization of APP at both the somatodendritic and the axonal compartments (Schubert et al. 1991; Ferreira et al. 1993; Simons et al. 1995; Back et al. 2007 ). Further, deletion of the BaSS motif, identified as a critical sorting signal for APP in MDCK cells, did not affect the localization of APP in neuronal cells (Back et al. 2007; Rusu et al. 2007 ). Instead, the Abdomain of APP appeared to modulate its initial sorting to the axonal compartment . Other studies showed that, after initial delivery to axons, APP is transported to dendrites via transcytosis (Simons et al. 1995) . Like APP, BACE1 is also targeted to axons and dendrites (Capell et al. 2002) . These and other observations suggest neuronal specializations for the sorting of APP and APP secretases in neuronal cells. Therefore, caution should be taken before conclusions obtained from experiments in non-neuronal cells are extrapolated to neurons.
The widespread localization of APP in neurons raised several questions: Where does APP processing take place? In axons, in dendrites, or in both compartments? To help address these questions, Lazarov et al. (2002) performed unilateral lesions of the perforant pathway, an axonal route connecting neurons in the entorhinal cortex to the dentate gyrus and other areas of the hippocampus. Significantly, a pronounced reduction in the amyloid burden was detected in the dentate gyrus ipsilateral to the lesion, indicating that axonally transported APP gives rise to the bulk of secreted Ab peptides. Therefore, Ab peptides deposited in amyloid plaques are mainly derived from axonally transported APP (Lazarov et al. 2002) . This and other studies also indicated that presynaptic terminals represent important sites of Ab production and secretion (Buxbaum et al. 1998) . Consistent with this view, synaptic activity has been shown to modulate levels of secreted Ab (Cirrito et al. 2008) . The effects of various APP fragments, including Ab, on the integrity and function of dendrites suggest local processing of APP at this compartment (Wei et al. 2010) . However, studies directly addressing the processing of APP at the dendritic compartment are lacking.
Axonal transport of APP
The enormous size and complex functional architecture of neurons depend upon exquisitely regulated transport and delivery of materials to hundreds or thousands of discrete heterogeneous subcellular compartments, including preand postsynaptic terminals, nodes of Ranvier, axon hillock, etc. (Morfini et al. 2001) . The intracellular transport of lipids and membrane protein components to these neuronal compartments represents a specialized form of trafficking collectively referred to as fast axonal transport (FAT) [reviewed in ]. Within axons, the polarized organization of microtubules allows for vectorial FAT of membrane-bounded organelles (MBOs) in the anterograde and retrograde direction by microtubule-based molecular motors. Molecular motors of the kinesin superfamily of proteins are responsible for anterograde FAT, transporting various MBO cargoes from their sites of synthesis and packaging in the neuronal cell body to their final sites of utilization within axons and dendrites. On the other hand, the execution of retrograde FAT is carried out by cytoplasmic dynein (CDyn). CDyn transports MBOs containing signaling complexes and degradation products from various subcellular compartments to the neuronal cell body. The unique dependence of neuronal function on correct FAT is highlighted by recent genetic data ). Indeed, loss of function mutations in ubiquitously expressed motor protein subunits results in human neurological diseases featuring loss of synaptic function and axonal connectivity Roy et al. 2005) . Relevant to the main topic covered in this review, experimental evidence has emerged addressing different aspects of APP transport within neurons. A summary of these findings is discussed below.
Sorting and packaging of APP in transport vesicles
Specific protein coats on the cytosolic face of the TGN help gather selected protein and lipid components into a discrete membrane domain, ultimately facilitating the packaging of these components into post-Golgi transport vesicles [reviewed in (Derby and Gleeson 2007)] . In this context, recent studies indicate that the l4 subunit of the heterotetrameric adaptor protein (AP) complex AP4, though to be part of a non-clathrin coat, interacts with a YKFFE sequence within the cytosolic tail of APP to facilitate the recruitment of APP into specific transport vesicles (Burgos et al. 2010) . Until recently, the identity of membrane cargoes co-assembled with APP in discrete transport vesicles remained unknown. Consistent with a role of APP in the regulation of synaptic function and vesicle fusion (Wang et al. 2011) , membrane immunoisolation experiments identified a subset of presynaptic, but not postsynaptic proteins co-assembled with APP in synaptic vesicles (Groemer et al. 2011 ) and discrete transport vesicles. Presynaptic components identified in transport vesicles included synapsin-I, SNAP25, syntaxin-1B, VAMP2, Munc13-1, and RIM2, but not synaptophysin (Szodorai et al. 2009 ). Interestingly, the small GTPase Rab3, and the Rab3-GTPase-associated proteins (Rab3GAP) p130 and p150 were also associated with these vesicles (Szodorai et al. 2009 ). This finding was consistent with the longrecognized role of Rab GTPases in the regulation of intracellular trafficking (Schmid 1997) . For example, after vesicles are released from the donor membrane (i.e., the TGN), GTP hydrolysis by selected GTPases promotes the disassembly of vesicles coats. This uncoating process, which is facilitated by chaperones of the Hsp70 family, presumably promotes the exposure of selected membrane proteins on the surface of transport vesicles and the engagement of specific molecular motors to these vesicles (Tsai et al. 2000) . Consistent with this notion, functional and biochemical evidence indicates that Rab3A plays a role in the recruitment of microtubule-based molecular motors to APP-containing transport vesicles (see below) (Szodorai et al. 2009 ).
Anterograde axonal transport of APP
Nerve ligation experiments in the rat peripheral nervous system first demonstrated that APP is transported along axons by anterograde FAT ), a finding confirmed by results of pulse-chase labeling experiments (Morin et al. 1993; Amaratunga et al. 1995) . Consistent with results from immunoisolation experiments (Szodorai et al. 2009) , microscopic experiments documented FAT of APP in association with MBOs distinct in morphology and transport kinetics from synaptophysin-containing ones (Kaether et al. 2000) . Gene silencing experiments indicated that conventional kinesin is the main molecular motor involved in the anterograde FAT of MBOs containing APP (Yamazaki et al. 1995; Ferreira et al. 1993; Koo et al. 1990 ). Conventional kinesin is a heterotetrameric protein complex composed of two kinesin heavy chain (KHCs, kinesin-1s) and two kinesin light chain (KLCs) subunits (Bloom et al. 1988) . Three KHCs (kinesin-1a, b, and c) and two KLC (KLC1 and KLC2) isoforms are expressed in the mammalian nervous tissue (Miki et al. 2003) . Experimental evidence indicates that the tandem repeat (TR) domain of KLCs plays a role in the tight binding of conventional kinesin to MBOs (Stenoien and Brady 1997) , whereas the alternatively spliced carboxy-terminus of KLCs appears to mediate the targeting of conventional kinesin to selected MBOs (Cyr et al. 1991; Khodjakov et al. 1998; Gyoeva et al. 2000) . Kinesin-1s on the other hand, are responsible for the mechanochemical properties of the conventional kinesin holoenzyme, containing both MT binding and ATPase domains (Bloom et al. 1988) .
Biochemically heterogeneous form of conventional kinesin exists, which results from different combinations of kinesin-1 and KLC homodimers (DeBoer et al. 2008) . Initial studies using antisense oligos suggested that FAT of APP was mediated by kinesin-1B (Ferreira et al. 1992; Kaether et al. 2000) . However, neither a specific reduction in kinesin-1B levels nor the analyses of other kinesin-1 isoforms were performed in these studies. More recently, the availability of antibodies recognizing specific kinesin-1 isoforms facilitated the identification of kinesin-1C as the main KHC isoform associated with APP-containing transport vesicles (Szodorai et al. 2009 ). This information appeared consistent with the divergent carboxy-terminal tail of kinesin-1s playing a role in the targeting of conventional kinesin holoenzymes to specific MBO cargoes (DeBoer et al. 2008 ).
The mode of connection between conventional kinesin and APP-containing transport vesicles Several models have been proposed to explain the mode of connection between APP-containing transport vesicles and conventional kinesin. Over a decade ago, immunoprecipitation studies by Kamal et al. reported a direct, high-affinity interaction between the intracellular domain of APP and the TR domain of KLCs, fueling the proposal that APP functions as a cargo receptor for conventional kinesin (Kamal et al. 2000; Kamal and Goldstein 2002) . An independent report supported this model, showing that a 15 amino acid sequence within the intracellular domain of APP was sufficient to drive anterograde FAT of exogenous beads in isolated squid axoplasm (Satpute-Krishnan et al. 2006) .
More recently, an alternative model was proposed, where c-Jun N-terminal kinase-interacting protein 1 (JIP1b) acted as scaffold protein, simultaneously binding both APP and the TR domain of KLC1, as well as c-Jun amino-terminal kinase (JNK) (Matsuda et al. 2003; Inomata et al. 2003) .
Despite its initial popularity, a large body of cumulative data appeared inconsistent with these models above. For Exp Brain Res (2012) 217:353-364 359 example, multiple independent studies indicated that FAT of APP occurs independently of the carboxy-terminus of APP domain. Indeed, APP constructs lacking the carboxyterminus domain were efficiently delivered to axons when expressed in cultured neurons or motor neurons of Drosophila larva (Rusu et al. 2007 ). Such deletion constructs also undergo FAT in cells lacking both APLP1 and APLP2, ruling out compensatory mechanisms involving other APP family members (Szodorai et al. 2009 ). In addition, mild detergent treatment of immunoisolated APP-containing membranes resulted in the dissociation of kinesin-1 from APP, arguing against direct or indirect interactions between conventional kinesin and APP (Szodorai et al. 2009 ). Moreover, a study conducted by several independent groups failed to reproduce key findings from the studies by Kamal et al. including a direct interaction between KLCs and APP, and the reductions in conventional kinesin levels in nerves of APP knock-out mice reported in this work (Lazarov et al. 2005 ). Thus, a large body of evidence indicates that neither APP nor JIP1b fulfills the criteria expected for a conventional kinesin receptor. Instead, cumulative data suggest that APP represents one of several membrane proteins present in MBOs that undergo FAT by means of conventional kinesin variants containing kinesin-1C (Szodorai et al. 2009 ). A finding of particular interest is the identification of Rab3GAP p130 and Rab3GAP p150 in association with APP-containing transport vesicles (Szodorai et al. 2009 ). These proteins are known to interact with and stimulate the GTPase activity of Rab3 family members (Rab3A-Rab3D), prompting investigations on the role that Rab3s might play on APP FAT. Interestingly, it was found that anterograde FAT of APP-containing vesicles depends upon the activity of Rab3A, but nor Rab3B, Rab3C, or Rab3D (Szodorai et al. 2009 ). Accordingly, analysis of Rab3GAP p130 knock-out mice, which display reduced levels of Rab3A-GTPase activity, indicated that Rab3A participates in the assembly/packaging of specific proteins into APPcontaining transport vesicles, as well as the engagement of conventional kinesin to these vesicles (Szodorai et al. 2009 ). The exact mechanisms by which Rab3A fulfills this function are currently unknown.
Retrograde axonal transport of APP Experimental evidence indicates that a fraction of cellular APP undergoes retrograde FAT. For example, anti-APP antibodies were internalized at distal axons of cultured neurons and retrogradely transported to cell bodies in MBOs that co-localized with fluid-phase endocytic markers (Yamazaki et al. 1995) . This observation appeared consistent with a report showing retrograde transport of APP from endosomes to the TGN (Ferreira et al. 1993 ).
Findings of APP transcytosis in neurons (Simons et al. 1995; Yamazaki et al. 1995) imply that the retrograde FAT machinery plays a critical role in the subcellular distribution of APP and its proteolytic products in dendrites. Finally, regulation of gene transcription by AICD fragments implies that these cleavage fragments might need to undergo retrograde FAT from their site of generation to the neuronal cell body. The execution of retrograde FAT is largely carried out by cytoplasmic dynein (CDyn), a multisubunit molecular motor that generates processive movement toward the minus end of microtubules Vallee 1993) . However, specific CDyn subunits mediating retrograde FAT of APP-containing organelles remain unknown. Further work is required to illuminate mechanisms underlying retrograde FAT of APP, including the biochemical identity of relevant MBOs and the intracellular signals that regulate the commitment of a fraction of APP to cell bodies.
Processing of APP at the axonal compartment
In neurons, the various secretases involved in APP processing must be assembled, transported, and activated at specific subcellular compartments before they can encounter APP and process it to generate various APP fragments. In this context, significant research effort has been made to determine whether APP is co-transported with one or more secretases within the same transport vesicles. Based on results from sciatic nerve ligations and biochemical experiments, Kamal et al. (2001) postulated that APP, BACE1, and c-secretase are co-transported in the same type of vesicles and that APP undergoes processing by these secretases during transit along the axon to generate Ab. Extending their model of APP acting as a receptor for conventional kinesin (Kamal et al. 2000) , these authors suggested that cleavage of APP within axons could represent a mechanism to detach conventional kinesin from APP-containing transport vesicles (Kamal et al. 2001) . However, steady state levels of PS1 in sciatic nerves were unchanged in APP knock-out mice, suggesting this critical c-secretase component and APP are transported in different MBOs (Lazarov et al. 2005) . Also, independent reports failed to detect Ab within the axonal compartment (Lazarov et al. 2005; Goldsbury et al. 2006) . Instead, APP carboxy-terminal stubs, likely generated by b-secretase processing in the TGN, appeared to undergo transport along axons (Buxbaum et al. 1998) . Complementing these studies, analysis of APP-containing membrane immunoisolates failed to detect BACE1, PS1, nicastrin, and the a-secretase ADAM17 (Szodorai et al. 2009 ). Further, livecell-imaging analysis revealed that APP and BACE are transported in distinct vesicles along the axon (Goldsbury et al. 2006) . From all secretase components analyzed, only active ADAM10 was detected in APP-containing MBOs, suggesting the possibility that small amounts of sAPPa could be generated as APP is transported along the axon (Szodorai et al. 2009 ). Taken together, cumulative evidence indicates that APP, PS1, and BACE1 are transported in different membrane compartments along axons. A molecular basis for the selective delivery of these membranes at specific subcellular domains is currently unknown. However, recent evidence illuminated phosphorylation-dependent mechanisms for the regulation of molecular motors that would facilitate the delivery of MBOs containing APP at specific subcellular domains (Morfini et al. 2002 ).
Concluding remarks
Illuminating molecular mechanisms underlying the subcellular distribution and trafficking of APP, as well as the spatial regulation of APP proteolytic processing in neuronal cells, represents a major future challenge to investigators in the APP field. An understanding of such mechanisms would shed light on the normal physiological roles of APP-derived fragments, provide important insights on AD pathogenesis, and help the design and development of novel therapeutic strategies for this disease.
